Introduction
============

Diabetic nephropathy (DN) is the most common complication induced by diabetes, which is one of the major reasons for renal failure ([@b1-etm-0-0-7359]). Its morbidity is increased gradually year by year, making it a global public health challenge that severely damages human health ([@b1-etm-0-0-7359]). It is estimated by the World Trade Organization that the number of diabetics in the world will rise to 0.37 billion by 2025, and 30% of these cases will develop DN ([@b2-etm-0-0-7359]). The pathological characteristics of DN primarily include glomerular hypertrophy and hyperplasia, basilar membrane thickening, and increased extracellular matrix. DN gradually develops into glomerular sclerosis, interstitial fibrosis as well as loss of function ([@b3-etm-0-0-7359]). Eventually, DN results in chronic renal failure, which reduces quality of life and endangers the patient\'s life ([@b3-etm-0-0-7359]). There are multiple pathogeneses responsible for DN. However, these are complicated processes that have not been completely illuminated yet ([@b4-etm-0-0-7359]).

Uncoupling protein (UCP) is a type of proton channel localized on the inner mitochondrial membrane ([@b5-etm-0-0-7359]). UCP belongs to the mitochondrial carrier protein superfamily ([@b5-etm-0-0-7359]). It reduces the electrochemical gradient on both sides of membrane, decreases ATP production and leads to reduced production of reactive oxygen species (ROS) in mitochondria ([@b5-etm-0-0-7359]). These findings suggest the protective effects of UCP on tissues. UCP2 is extensively distributed in multiple sites, including the liver, brain, kidney, gland membrane, muscle, white adipose tissue, retinal endothelial cells and pericytes ([@b6-etm-0-0-7359]). Previous findings have indicated that UCP2 mRNA expression can be upregulated in the presence of elevated intracellular ROS levels ([@b6-etm-0-0-7359]). Furthermore, overexpression of UCP2 analogue or antioxidase can reduce the level of ROS, which may prevent the occurrence of complications associated with diabetes ([@b7-etm-0-0-7359]).

MicroRNAs (miRs) are endogenous, non-coding, small RNA molecules that are \~20--24 nucleotides long ([@b8-etm-0-0-7359]). miRs are also extensively distributed molecules that regulate gene expression ([@b8-etm-0-0-7359]). It is currently believed that miRs serve important roles during the growth and development of organisms. miRs can regulate genes at a post-transcription level. Thus, they are involved in almost all physiological and pathological processes in the body ([@b9-etm-0-0-7359]). These processes include cell proliferation, differentiation, apoptosis and immune inflammation ([@b9-etm-0-0-7359]). Previous research in recent years has suggested that miRs serve important roles in the genesis and development of DN through gene regulation, suggesting miRs may be associated with the genesis and development of DN ([@b9-etm-0-0-7359],[@b10-etm-0-0-7359]). Although the understanding towards the biological characteristics of miRs and their roles in DN has improved ([@b9-etm-0-0-7359],[@b10-etm-0-0-7359]), further studies are required. Investigating the association of DN with miRs will provide a novel viewpoint for understanding the genesis and development of DN. In addition, this may also provide biomarkers for the early diagnosis of DN, and novel targets for treatment and intervention. The current study aimed to address the function of miR-214 on DN and diabetes in proximal tubular cells.

Materials and methods
=====================

### Animals

The present study was approved by the Taizhou People\'s Hospital Ethics Committee (Taizhou, China). Male Sprague Dawley rats (5--6 weeks old, 200--220 g) had unrestricted access to food and water and were maintained in a controlled environment (temperature, 22--23°C; humidity, 55--60%; and a 12-h light (7:00)/dark (19:00) cycle). All rats were randomly assigned into a sham (n=6) or a DN model (n=6) group. Animals in the sham group were injected once with normal saline. The DN model rats were injected once with 75 mg/kg streptozocin (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) ([@b11-etm-0-0-7359]). At 12 weeks after the induction of diabetes, mice were anesthetized with 35 mg/kg of pentobarbital sodium (intraperitoneal, Sigma-Aldrich; Merck KGaA) and sacrificed using decollation.

### Hematoxylin and eosin staining

Kidney tissue samples were fixed with 4% paraformaldehyde for 24 h at room temperature and processed using paraffin at 55--60°C for 5--10 min. Paraffin-embedded tissue sections (10 µm) were deparaffinized using xylene for 60 min at 60°C, hydrated using ethyl alcohol at room temperature for 30 min and stained with 0.5% hematoxylin for 10 min at room temperature, washed with water for 5 min and 0.5% eosin for 1 min at room temperature. Sections were observed using a light microscope (magnification, ×200).

### Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

Total RNA was extracted from cells or serum following the induction of the model using an RNA extraction kit (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA). cDNA was reverse transcribed using a Q-script kit (Quanta Biosciences, Gaithersburg, MD, USA) and a TaqMan miR reverse transcription kit (Applied Biosystems; Thermo Fisher Scientific, Inc.) at 37°C for 1 h followed by 82°C for 10 sec. qPCR was performed using an ABI Prism 7500 Sequence Detection System (Perkin-Elmer Inc., Waltham, MA, USA) and a standard SYBR Green PCR kit (Toyobo Life Science, Osaka, Japan). The temperature protocol was as follows: Initial denaturation at 95°C for 5 min; followed by 40 cycles of denaturation at 95°C for 30 sec, annealing at 60°C for 30 sec and elongation at 72°C for 30 sec. Primer sequences were as follows: miR-214, forward, 5′-AGCATAATACAGCAGGCACAGAC-3′ and reverse, 5′-AAAGGTTGTTCTCCACTCTCTCAC-3′; U6, forward, 5′-ATTGGAACGATACAGAGAAGATT-3′ and reverse, 5′-GGAACGCTTCACGAATTTG-3′. Results were analyzed using the 2^−ΔΔCq^ method ([@b12-etm-0-0-7359]).

### Gene expression profiling

Total RNA was hybridized to Affymetrix HG-U133 Plus 2.0 GeneChip arrays (Affymetrix; Thermo Fisher Scientific, Inc.). Data were analyzed using the database for annotation, visualization and integrated discovery and Qiagen Ingenuity Pathway Analysis (Qiagen, Inc., Valencia, CA, USA).

### Cell culture and transfection

Human HK-2 renal proximal tubular epithelial cells were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM) supplemented with 10% fetal bovine serum (Thermo Fisher Scientific, Inc.) and 1% penicillin/streptomycin. miR-214-5p (100 ng; 5′-GGCCTGGCTGGACAGAGTTG-3′) and negative control (100 ng; 5′-CCCCCCCCCCCCC-3′) were purchased from Sangon Biotech Co., Ltd. (Shanghai, China). miR-214 mimics and mimic-negative control were transfected with Lipofectamine 2000 (Thermo Fisher Scientific, Inc.). Following 48 h of transfection, cells were cultured in DMEM supplemented with 35 mM glucose for 24 h for further analysis. Cells were then treated with 2 nM MK 2206 dihydrochloride (Akt inhibitor; MedChemExpress, Shanghai, China) or UCP2 inhibitor (genipin; 50 µM; MedChemExpress, Monmouth Junction, NJ, USA) for 44 h and cultured in DMEM supplemented with 35 mM of glucose for 24 h for further analysis.

### ELISA kits

Following the induction of DN, supernatants of cells were collected using centrifugation at 1,000 × g for 5 min at 4°C and 10--50 µl of supernatant were used to analyze the levels of oxidative stress \[superoxide dismutase (SOD), A001-1-1; malondialdehyde (MDA), A003-1; glutathione (GSH), A006-2; GSH-peroxidase (PX), A005)\] and ROS (E004) using ELISA kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The fluorescence intensity was measured using a spectrofluorometer (Fluorostar, BMG Labtech GmbH, Ortenberg, Germany) at 450 nm. Cells were stained with dichloro-dihydro-fluorescein diacetate (10 µM) for 20 min at 37°C and ROS levels were observed using a Zeiss Axioplan 2 (magnification, ×200; Zeiss AG, Oberkochen, Germany).

### Western blot analysis

Cells were lysed using radioimmunoprecipitation assay lysis buffer (Beyotime Institute of Biotechnology, Haimen, China) for 15 min at 4°C and the protein content was then determined using a BCA Protein Assay (Thermo Fisher Scientific, Inc.). Equal amounts (50 µg) of protein were separated by SDS-PAGE (10% gels) and blotted onto polyvinylidene difluoride membranes (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Blots were blocked at room temperature with 5% non-fat dry milk in Tris-buffered Saline with Tween 20 (TBST) for 1 h and incubated with UCP2 (89326; 1:2,000), phosphorylated (p)-Akt (4060; 1:2,000), p-mammalian target of rapamycin (mTOR; 5536; 1:2,000) and GAPDH (5174; 1:5,000; Cell Signaling Technology, Inc., Danvers, MA, USA) overnight at 4°C. Membranes were exposed to anti-rabbit horseradish peroxidase-conjugated secondary antibody (7074; 1:5,000, Cell Signaling Technology, Inc.) for 1 h at 37°C, following several washes with TBST. Membranes were detected using ECL Plus reagents (GE Healthcare, Chicago, IL, USA) and quantified using the Molecular Imager ChemiDoc XRS System and Quantity One 1-D analysis software (Bio-Rad Laboratories, Inc.).

### Luciferase activity

The 3′-untranslated region (UTR) of UCP2 was cloned into luciferase reporter vector (CmiT000001- MT06; GeneCopoeia, Inc., Rockville, MD, USA). The 3′UTR of UCP2 and miR-214 mimics (100 ng) were co-transfected using Lipofectamine 2000 (Thermo Fisher Scientific, Inc.). Cells were assayed using luciferase assay kits (Promega Corporation, Madison, WI, USA) for 48 h after transfection. *Renilla* luciferase activity was used for normalization.

### Statistical analysis

All data were expressed as the mean ± standard deviation. The Student\'s t-test or one-way analysis of variance with a Student-Newman-Keuls post hoc test was used to discern individual differences between groups. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### miR-214 expression in rats with DN

Hematoxylin and eosin staining revealed that the glomerulus was damaged and the volume of the glomerulus was markedly reduced in rats with DN compared with the Sham group ([Fig. 1A](#f1-etm-0-0-7359){ref-type="fig"}). Furthermore, there were significantly decreased levels of glutathione peroxidase (GSH-PX), glutathione (GSH) and superoxide dismutase (SOD), but significantly increased levels of malondialdehyde (MDA) in rats with DN compared with the Sham group ([Fig. 1B-E](#f1-etm-0-0-7359){ref-type="fig"}). As indicated in [Fig. 1F and G](#f1-etm-0-0-7359){ref-type="fig"}, miR-214 expression was significantly decreased in rats with DN compared with the Sham group. These results suggested that miR-214 may regulate the progression of DN.

### Overexpression of miR-214 decreases oxidative stress in HK-2 cell

As indicated in [Fig. 2](#f2-etm-0-0-7359){ref-type="fig"}, miR-214 overexpression significantly increased the levels of GSH-PX, GSH and SOD, and significantly reduced the levels of MDA in the *in vitro* model of DN compared with the control group. Furthermore, miR-214 overexpression also significantly reduced ROS levels in DN *in vitro* when compared with the control group ([Fig. 2E and F](#f2-etm-0-0-7359){ref-type="fig"}). The results suggested that miR-214 could modulate oxidative stress in DN.

### Overexpression of miR-214 regulates the Akt/mTOR signaling pathway by UCP2 in HK-2 cell

miR-214 targeted the 3′-untranslated region of UCP2, and luciferase activity was significantly increased in the overexpressed miR-214 group compared with the control group ([Fig. 3](#f3-etm-0-0-7359){ref-type="fig"}). As indicated in [Fig. 3C-F](#f3-etm-0-0-7359){ref-type="fig"}, miR-214 overexpression significantly increased the protein expression levels of UCP2, p-Akt and p-mTOR in DN *in vitro* when compared with the control group. These findings indicated that miR-214 regulated the progression of DN through the Akt/mTOR signaling pathway by UCP2.

### UCP2 inhibitor attenuates the effects of miR-214 upregulation on oxidative stress in DN in HK-2 cell

The function of UCP2 in DN via miR-214 was assessed in the present study. Results indicated that UCP2 inhibitor, genipin, significantly inhibited UCP2 expression in DN via miR-214 overexpression. As indicated in [Fig. 4A-D](#f4-etm-0-0-7359){ref-type="fig"}, UCP2 inhibitor significantly suppressed the protein expression levels of UCP2, p-Akt and p-mTOR in miR-214-upregulated DN cells compared with miR-214 upregulation alone. In addition, UCP2 inhibitor significantly reduced the levels of GSH-PX, GSH and SOD, and significantly increased those of MDA and ROS in miR-214-upregulated DN cells compared with miR-214 upregulation alone ([Fig. 4E-J](#f4-etm-0-0-7359){ref-type="fig"}). The results suggested that UCP2 also serves a role in miR-214-regulated oxidative stress in DN.

### Akt inhibitor reduces the effects of miR-214 upregulation on oxidative stress in DN in in HK-2 cell

The role of Akt in the function of miR-214 on inflammation in DN was investigated. As indicated in [Fig. 5A-C](#f5-etm-0-0-7359){ref-type="fig"}, Akt inhibitor (2 nM MK 2206 dihydrochloride) significantly suppressed the protein expression levels of p-Akt and p-mTOR in miR-214-upregulated DN cells compared with miR-214 upregulation alone. Akt inhibitor significantly reduced the levels of GSH-PX, GSH and SOD, and significantly elevated those of MDA in miR-214-upregulated DN cells compared with miR-214 upregulation alone ([Fig. 5D-G](#f5-etm-0-0-7359){ref-type="fig"}). These results suggested that miR-214 regulates the UCP2/ROS/Akt/mTOR signaling pathway to suppress oxidative stress in diabetic nephropathy.

Discussion
==========

Type 2 diabetes is a common and frequently-occurring endocrine/metabolic disease ([@b13-etm-0-0-7359]). People\'s living standards have increasingly improved over time ([@b13-etm-0-0-7359]). However, unhealthy diets, work pressures, lack of physical exercise and accelerated aging of the population have resulted in increased diabetes-associated morbidity ([@b13-etm-0-0-7359]). Diabetic retinopathy is the microvascular complication of diabetes, which may result in visual impairment and blindness ([@b3-etm-0-0-7359]). Thus, the morbidity and rate of blindness of DN are increasing accordingly ([@b3-etm-0-0-7359]). To the best of our knowledge, the present study is the first to indicate that miR-214 expression levels in peripheral blood were decreased in rats with DN. Notably. Costantino *et al* ([@b14-etm-0-0-7359]) revealed that miR-214 is associated with hyperglycemic memory in diabetic mice.

Previous results have indicated that UCP2 can stimulate B cells to secrete insulin ([@b5-etm-0-0-7359]). Results of experiments on a rat UCP2 model indicated that overexpression of UCP2 led to reduced intracellular ATP content ([@b5-etm-0-0-7359]). In addition, overexpression of UCP2 decreased the sensitivity of glucose on B cells, which therefore reduced insulin secretion ([@b15-etm-0-0-7359]). It was also identified in UCP2 gene knockout mice that increased ATP content can be observed in B cells *in vivo* or *in vitro* ([@b15-etm-0-0-7359]). This also increases the sensitivity of glucose to stimulate insulin secretion ([@b15-etm-0-0-7359]). As demonstrated in previous study, elevated UCP2 activity or overexpression of UCP2 in B cells may affect insulin secretion ([@b7-etm-0-0-7359],[@b15-etm-0-0-7359]). The correlation of UCP2 gene polymorphisms with diabetes has become a new research focus ([@b7-etm-0-0-7359]). The current study suggested that miR-214 overexpression induced UCP2 protein expression in the *in vitro* DN model. Furthermore, Yu *et al* ([@b16-etm-0-0-7359]) indicated that miR-214 is a putative tumor suppressor by targeting UCP2 in hepatocellular carcinoma.

Oxidative stress markers are a series of biochemical substances that reflect oxidative stress levels *in vivo* ([@b17-etm-0-0-7359]). There are various types of oxidative stress markers. Of them, ROS, reactive nitrogen species and lipid peroxide are commonly used in diabetes detection ([@b17-etm-0-0-7359]). Determination of oxidative stress markers serves an important role in revealing correlations of diabetes genesis and development with oxidative stress ([@b17-etm-0-0-7359]). In the present study, it was observed that miR-214 overexpression decreased oxidative stress in the *in vitro* DN model. Notably, Gao *et al* ([@b18-etm-0-0-7359]) revealed that miR-214 protects erythroid cells against oxidative stress by targeting activating transcription factor 4 and enhancer of zeste homolog 2 (EZH2). These results demonstrated that miR-214 overexpression decreased oxidative stress in DN.

The inflammation-associated p38 mitogen-activated protein kinase (MAPK) signaling pathway is associated with renal tissue injury during the development of DN ([@b19-etm-0-0-7359]). Multiple factors, including hyperglycemia, abnormal hemodynamics, oxidative stress and pre-inflammatory factors, can activate the downstream p38 MAPK signaling pathway ([@b20-etm-0-0-7359]). The activated p38 MAPK signal pathway can further induce activation of downstream inflammatory cells. Furthermore, it promotes the expression of inflammatory mediators, and increases the production of inflammatory factors ([@b20-etm-0-0-7359]). Finally, the p38 MAPK signaling pathway leads to inflammatory injury of renal tissues. The intervention of the p38 MAPK signaling pathway is achieved through multiple approaches.

Akt is the downstream signaling molecule of phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) ([@b21-etm-0-0-7359]). Notably, the PI3K/Akt signaling pathway serves an important role in insulin signal transmission ([@b22-etm-0-0-7359]). Such signaling systems have an important role in biological processes ([@b22-etm-0-0-7359]). These include metabolism, cell growth, proliferation, survival and migration, as well as cytoskeletal reconstruction, inflammation, cell apoptosis, membrane transport and secretion ([@b23-etm-0-0-7359]). Furthermore, the PI3K/Akt signaling pathway can promote cell survival, differentiation and growth ([@b23-etm-0-0-7359]). Studies have indicated that the PI3K/Akt signaling pathway is associated with vascular smooth muscle contraction, endothelium-mediated relaxation and blood pressure ([@b24-etm-0-0-7359]). The PI3K/Akt signaling pathway is also extensively involved in the formation of atherosclerosis, pathological angiogenesis, inflammatory cell aggregation and vascular smooth muscle cell dysfunction ([@b23-etm-0-0-7359]). Additionally, the PI3K/Akt signaling pathway can promote vasoconstriction, induce vascular remodeling and accelerate the genesis and development of atherosclerosis ([@b25-etm-0-0-7359]). It was identified that miR-214 overexpression induced the Akt/mTOR signaling pathway in an *in vitro* DN model in the present study. Das *et al* ([@b26-etm-0-0-7359]) revealed that miR-214 reduces insulin like growth factor 1 receptor expression and downstream mTOR complex 1 signaling in renal carcinoma cells. These results demonstrated that miR-214 suppressed oxidative stress in DN via UCP2 in the ROS/Akt/mTOR signaling pathway.

[Fig. 6](#f6-etm-0-0-7359){ref-type="fig"} revealed a schematic diagram of the suggested potential mechanism involved in the function of miR-214 on oxidative stress in DN. In conclusion, the present study demonstrated for the first time that miR-214 may regulate diabetes through the insulin and ROS/Akt/mTOR signaling pathways in proximal tubular cells by UCP2. Collectively, these results suggest that miR-214 has protective effects against oxidative stress in DN, which could be used in clinical applications.
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![miR-214 expression in rats with DN. Hematoxylin and eosin staining for (A) glomerulus (magnification, ×200). ELISA was used to determine (B) MDA, (C) SOD, (D) GSH and (E) GSH-PX levels. (F) GeneChip analysis. (G) Reverse transcription-quantitative polymerase chain reaction was used to determine miR-214 expression detection. \*\*P\<0.01 vs. Sham group. miR, microRNA; DN, diabetic nephropathy; Sham, control group; MDA, malondialdehyde; GSH-PX, glutathione peroxidase; GSH, glutathione; SOD, superoxide dismutase.](etm-17-05-3530-g00){#f1-etm-0-0-7359}

![Overexpression of miR-214 increases oxidative stress in HK-2 renal proximal tubular epithelial cells. (A) Reverse transcription-quantitative polymerase chain reaction was used to determine miR-214 expression. ELISA was used to determine (B) MDA, (C) SOD, (D) GSH and (E) GSH-PX. (F) ROS levels and (G) ROS probe staining (dichloro-dihydro-fluorescein diacetate; magnification, ×200). \*\*P\<0.01 vs. control group. miR-214, overexpression of miR-214 group; Control, control negative group; miR-214, microRNA-214; MDA, malondialdehyde; GSH-PX, glutathione peroxidase; GSH, glutathione; SOD, superoxide dismutase; ROS, reactive oxygen species.](etm-17-05-3530-g01){#f2-etm-0-0-7359}

![Overexpression of miRNA-214 regulates Akt/mTOR signaling by UCP2. (A) miR-214 targeted the 3′-untranslated region of UCP2. (B) Luciferase activity and (C) UCP2, (D) p-Akt and (E) p-mTOR protein expression levels were determined using statistical analysis. (F) Western blot analysis for UCP2, p-Akt and p-mTOR protein expression. \*\*P\<0.01 vs. control group. miR-214, overexpression of miRA-214 group; Control, control negative group; miR-214, microRNA-214; UCP2, uncoupling protein 2; mTOR, mammalian target of rapamycin; p, phosphorylated.](etm-17-05-3530-g02){#f3-etm-0-0-7359}

![UCP2 inhibitor reduces the effects of miR-214 upregulation on oxidative stress in an *in vitro* DN model. (A) UCP2, (B) p-Akt and (C) p-mTOR protein expression levels were determined using statistical analysis and (D) western blot analysis. ELISA was used to determine (E) MDA, (F) SOD, (G) GSH, (H) GSH-PX levels and (I) ROS levels and (J) ROS probe staining (dichloro-dihydro-fluorescein diacetate; magnification, ×200). \*\*P\<0.01 vs. control group; ^\#\#^P\<0.01 vs. miR-214 group. miR-214, overexpression of miR-214 group; Control, control negative group; UCP2 inhibitor, overexpression of miR-214 and UCP2 inhibitor group; miR-214, microRNA-214; UCP2, uncoupling protein 2; mTOR, mammalian target of rapamycin; p, phosphorylated; MDA, malondialdehyde; GSH-PX, glutathione peroxidase; GSH, glutathione; SOD, superoxide dismutase; ROS, reactive oxygen species.](etm-17-05-3530-g03){#f4-etm-0-0-7359}

![Akt inhibitor reduces the effects of miR-214 upregulation on oxidative stress in an *in vitro* DN model. (A) p-Akt and (B) p-mTOR protein expression using statistical analysis. (C) Western blot analysis for p-Akt and p-mTOR protein expression. ELISA was used to determine (D) MDA, (E) SOD, (F) GSH and (G) GSH-PX. \*\*P\<0.01 vs. control group; ^\#\#^P\<0.01 vs. miR-214 group. miR-214, overexpression of miR-214 group; Control, control negative group; Akt inhibitor, overexpression of miR-214 and Akt inhibitor group; miR-214, microRNA-214; mTOR, mammalian target of rapamycin; p, phosphorylated; MDA, malondialdehyde; GSH-PX, glutathione peroxidase; GSH, glutathione; SOD, superoxide dismutase.](etm-17-05-3530-g04){#f5-etm-0-0-7359}

![MicroRNA-214 suppresses oxidative stress in diabetic nephropathy via the ROS/Akt/mTOR signaling pathway by UCP2. ROS, reactive oxygen species; mTOR, mammalian target of rapamycin; UCP2, uncoupling protein 2.](etm-17-05-3530-g05){#f6-etm-0-0-7359}
